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Abstract 
Plant hormesis is a phenomenon that involves the presence of toxic compounds at high doses but can be 
beneficial at low doses. Thus, the aim of this study was to use dose-response curves to assess the effect of 
hormesis caused by sub-toxic of 2,4-D choline herbicide on biometric variables of cotton plants. The study 
adopted a completely randomized experimental design with seven replications, and the treatments consisted of 
nine fractions of the average rate indicated on the 2,4-D choline salt herbicide label: 0 (control); 0.4275; 0.855; 
1.71; 3.42; 8.55; 17.1; 34.2 and 68.4 g ae ha-1 applied at phenological stages V4 or B4 of cotton plants. The 
plants were assessed for the main morphological parameters. The results were subjected to analysis of variance 
and, when significant, the hormesis model was tested aiming to describe the dose-response curves with low rates 
stimulation. The maximum hormesis effect for the variables plant height and number of leaves in cotton plants at 
stage V4 was estimated, in due order, for sub-doses between 1.14 and 3.02 and 1.37 and 5.54 g ae ha-1 of 2,4-D 
choline. The hormesis effect was not significant for total dry matter production when 2,4-D choline was applied 
at stage V4, irrespective of the year of study. Sub-doses between 0.855 and 1.71 g ae ha-1 of 2,4-D choline salt 
applied at stage B4 caused hormesis in the height, number of leaves, shoots dry matter and total dry matter of 
cotton plants.  

Keywords: Gossypium hirsutum L., hormesis effect, morphology, synthetic auxin 

1. Introduction 
Auxin herbicides were the first class of selective products used to control eudicots in cereal crops. 2,4-D was the 
first herbicide commercially available having this mechanism of action, being introduced to the market nearly 70 
years ago. Since then, herbicides of this class have been discovered and marketed, and, along with this 
diversification, a broad range of weed control has arisen, increasing the usefulness and importance of this group 
of herbicides, especially in areas with plants that have been proven to be resistant to other mechanisms of action 
(Cobb & Reade, 2010).  

There are two basic types of formulations, amine salts and esters (Contiero et al., 2016), and a third, the 2,4-D 
choline salt that was recently developed and is in the final stages of testing (Skelton et al., 2017). Amines are the 
most widely used in the world, and the most common are dimethylamines (Contiero et al., 2016). The amine 
formulations are more water soluble and require hours to traverse the cuticle. Due to this fact, the possible 
washes after application are less resistant, and they are susceptible to precipitate formation, if applied with water 
with high cation contents (Foloni, 2016). Despite the improvements with regard to volatilization, there is still 
uncertainty about the environmental risk of this formulation, due to the extensive and often inadequate use of the 
active principle (Marcinkowska et al., 2017). 2,4-D choline salt, in turn, provides a reduced potential for 
off-target movement of physical particles, significantly decreasing the percentage of spray volume with fine 
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droplets. In addition to reducing spray drift potential under laboratory conditions, the 2,4-D choline formulation 
is less volatile than the amine formulations (Manuchehri et al., 2017). 

Weeds resistance to herbicides is considered to be a major constraint to global agriculture considering that the 
number of new resistant biotypes have increased as some management programs have become ineffective. As a 
result, the interest on the development of resistant crops to the diverse herbicides commercially available has 
grown. However, development of cotton and soybean cultivars resistant to 2,4-D, for instance, has brought great 
concerns due to the potential risk of accidental use of this herbicide in nonresistant crops (Blanchett et al., 2017). 

2,4-dichlorophenoxyacetic acid (2,4-D) can easily enter the atmosphere by volatilization, spray drift, leaching or 
runoff, due to its high volatility and water solubility, resulting in potential risks to sensitive crops (Niu et al., 
2018). Cotton is considered to be one of the most sensitive crops to 2,4-D, an herbicide that may cause visible 
symptoms ranging from leaf malformation to severe epinasty and plants death, depending on the environmental 
conditions, dosage and, especially, on the plant growth stage at the time of exposure (Peterson et al., 2016). 

Hormesis is a phenomenon that involves the presence of sub-doses of herbicide applied on plants, as occurring in 
spray drifts or contamination of spray tanks. Its effect consists of adaptive responses of biological systems to 
moderate challenges, through which the system improves its functionality and/or tolerance to future challenges 
even more severe (Calabrese & Mattson, 2017). As all herbicides act in pathways or processes that are crucial 
for plants, either in an inhibitory or stimulatory way, low rates of any herbicide may be used to modulate the 
plant growth, development or composition (Brito et al., 2018).  

Auxin-based herbicides, such as 2,4-D, are examples of chemicals that enhance growth at nontoxic 
concentrations but are lethal at higher rates (Americo et al., 2017). Thus, such responses may be expected with 
increased auxins production and activity and may interfere with the plants’ growth and development (Tavares et 
al., 2017).  

However, studies found in literature did not use dose-response curves to explain observed events that may hinder 
a correct identification of the hormesis effect (Cedergreen et al., 2005). In addition, the few results found with 
hormesis in cotton crops used the amine formulation and, therefore, may not represent the future situation of 
cotton production worldwide, where formulations containing choline salt will be used. Given the above, this 
work aimed to use dose-response curves to evaluate the effect of hormesis caused by sub-doses of 2,4-D choline 
salt formulation on biometric variables of non-tolerant herbaceous cotton at different growth stages.  

2. Material and Methods 
The experimental stage of this research was represented by two studies conducted in 2018 and 2019, respectively, 
in greenhouse conditions. The geographic coordinates were 15º52′29.4″ S and 52º18′35.1″ W. 

The plots consisted of plastic pots with 20 L of capacity, filled with soil collected from the arable layer of a 
Humic Distroferric Red-Yellow Latosol. The chemical and physical characteristics of this soil were the 
following: pH value in CaCl2 of 4.4; 70.0 g dm-3 of organic matter; nonsignificant values of P resin; V 9.5%; K, 
Ca, Mg and H+AL contents of 0.21; 0.63; 0.22 and 10.0 cmolc dm-3, respectively; 695 g dm-3 of sand, 125 g 
dm-3 of silt and 180 g dm-3 of clay. Based on the soil analysis, the fertility and acidity corrections consisted of 3.0 
g dm-3 of dolomitic limestone and 0.35 g dm- 3 of simple superphosphate.  

The substrate in the pots was kept moist during the experimental period using automated sprays set to dispense 
water in an amount similar to the soil field capacity. Minimum, maximum and average daily temperatures inside 
the greenhouse during 2018 and 2019 are presented in Figure 1.  
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Table 2. F values, coefficients of determination and coefficients of regression equations for analysis of biometric 
variables of cotton plants applied with sub-doses of 2,4-D choline salt at stage B4. Maximum estimated growth 
values and herbicide rate for these values for years 2018 and 2019 

Variable Year F R2 
Parameters of regression with hormesis  Max. V./6

b c d e f  % of contr./5 Rate

Height (cm) 
2018 359.09** 0.97 1.26 29.03 60.23 5.85 4.79  1.71 1.35

2019 1042.44** 0.99 1.50 30.45 69.78 3.35 11.79  5.27 1.20

No. of leaves 2018 197.31** 0.96 1.28 -5.43 17.20 3.55 7.84  15.33 1.90

SDM (g)/2 2018 186.51** 0.95 1.11 -33.08 26.89 2.08 30.67  6.67 0.93

2019 76.84** 0.90 1.91 6.71 16.57 2.58 5.79  19.21 1.39

TDM (g)/3 2018 319.87** 0.97 1.10 -51.79 39.41 2.78 33.30  4.53 0.92

2019 309.84** 0.97 1.78 10.38 28.78 3.12 6.81  11.86 1.38

Variable Year F R2 
Parameters of regression without hormesis 

a b c 

No. of leaves 2019 11.66** 0.72 17.59 -0.39 0.00310 

RDM (g)/1 2018 32.22** 0.88 12.49 -0.19 0.00130 

2019 54.39** 0.93 12.55 -0.34 0.00350 

Diameter (mm)/4 2018 30.96** 0.88 9.68 -0.02 0.00005 

2019 2.97NS - - - - 

Note. NS: Nonsignificant. ** Significant at 1% probability; /1 Root dry matter; /2 Shoot dry matter; /3 Total dry 
matter; /4 Stem diameter; /5 % of control; /6 Maximum values.  

 

For year 2018, it was found that the greatest stimuli for the variables relating to plant height (Figure 5A), number 
of leaves (Figure 5B), shoots dry matter (Figure 5C) and total dry matter (Figure D) of cotton plants applied with 
sub-doses of 2,4-D choline salt at stage B4 were estimated for the respective rates 1.35; 1.90; 0.93 and 0.92 g ae 
ha-1 of herbicide, exhibiting an increase of 1.71; 15.33; 6.67 and 4.53 %, respectively, compared to the control 
(Table 2; Figure 5).  

Regarding 2019, it could be seen that sub-doses of 1.20; 1.39 and 1.38 g ae ha-1 provided higher increases 
compared to the control (5.27; 19.21 and 11.86 %) for height (Figure 5A), shoots dry matter (Figure 5C) and 
total dry matter (Figure 5D) (Table 1; Figure 3).  
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between 5.6 and 56.0 g ae ha-1, ranging from 33 to 71% injury. But the authors comment that there was a great 
variation in the results found, indicating that visual injury symptoms can only serve as a rough predictor of final 
yield loss. Everitt and Keeling (2009) add that indeterminate cotton growth allow considerable compensation to 
stress and such compensation depends on conditions that may vary, even when the injury at early season had 
been consistent, so it is not a good indicator of effects on the plants’ morphology. 

As discussed above, one of the main symptoms caused by application of sub-doses of 2,4-D choline in cotton 
crops at growth stage V4 was wrinkling of the stem apex and young leaves, a symptom also known as “frog’s 
leg”. According to Constantin et al. (2007), this symptom is described as typical intoxication caused by 2,4-D 
herbicide, which occurs especially in new leaves that emerge soon after occurrence of contamination, 
culminating in the loss of the photosynthetic area and consequent loss of dry mass. In this experiment, it could 
also be observed that the plants produced a greater number of new deformed leaves, which is presumably due to 
disordered growth or an attempt to avoid stress caused by application of herbicides sub-doses (Abbas et al. 
2016).  

It is assumed that the increased plant height and increased leaves production as observed in Table 1 and Figure 3 
may have occurred because of the interference of 2,4-D herbicide with cell division and elongation due to the 
hormonal imbalance that it causes on cells and consequent increase of biosynthesis of ethylene, gibberellins, 
cytokines and abscisic acid (ABA). This interference leads to abnormal growth of the plant tissue that returns to 
meristematic activities with inhibition of the cell division into primary meristems (Oliveira, 2011).  

However, such disordered growth that supposedly increased the plants height and number of leaves was not 
significant in the production of larger amounts of total dry matter, making it evident the effect of 2,4-D choline. 
Damages on most plant tissues treated with 2,4-D are caused by the accumulation of ABA and ethylene, causing 
oxidative stress induced by high production of reactive oxygen species (ROS). This phenomenon has been 
described as an effect of high auxin concentrations, leading to an imbalance in the homeostasis of the same and 
in its interactions with other hormones (Grossmann, 2010).  

By altering the plasticity of cell walls, the action of 2,4-D on the structures of the cytoskeleton leads to epinasty 
of the plant organs as well as to an alteration of the mobility of peroxisomes and mitochondria in the cell 
environments. As these organelles move along the cytoskeleton, actin disorders probably affect the metabolism 
of peroxisome and mitochondria, as they share many metabolites with each other and with chloroplasts. Because 
peroxisomes are antioxidant organelles, their most important function is to remove ROS from different parts of 
the cell (Rodríguez-Serrano et al., 2014). Considering the effect of auxin herbicides on the actin cytoskeleton and 
polymerization, the functionality of peroxisomes defense is reduced. Thus, the cell enters a state of severe 
oxidative stress due to the limitation of peroxisomes and mitochondrial function (Christoffoleti et al., 2015), 
causing significant losses on the main biometric parameters of sensitive plants, such as cotton, in early 
development stages.  

On the other hand, in this study, it was possible to observe that for herbicide applications at stage B4 of cotton, 
the increase in the variables height and number of leaves affected the production of total dry matter of cotton 
plants. This fact shows that the mode of action of 2,4-D depends directly on the herbicide rate and growth stage 
of the plants, and may cause different symptoms. This underlines the difference between its action as growth 
promoter or as herbicide. Applications of this herbicide disturb normal growth and cause lethal damages when 
the plant is at early development stages, irrespective of the herbicide rate. At low concentrations and in later 
growth stages, 2,4-D stimulates growth and the development processes (Grossmann, 2010).  

In this study, it could also be seen that all sub-doses of 2,4-D choline used at stage B4 caused visual injury 
effects on cotton plants at 30 DAA. Even so, it was found that some sub-doses stimulated the plants to 
compensate the stress caused, increasing the biometric variables and confirming the hormesis theory for 
application of sub-doses of 2,4-D choline salt in cotton crops. It should be pointed out that hormesis is 
considered an adaptive response characterized by initial disturbance of the homeostasis state (Calabrese & 
Mattson, 2017). Homeostasis is defined as the subsistence or ability of a system to maintain constant internal 
environment with effective functions and performances in order to ensure steady physiological conditions during 
a disturbance (Brito & Haddad, 2017). When homeostasis is disturbed, hormesis represents an advantage that the 
body obtains from the resources initially allocated for the activities of repair of an affected tissue, but mildly 
exceeding what is needed to repair immediate damages caused by the homeostasis disturbance. This process can 
also readapt the body against damages to a more intense later exposure within a limited period of time, working 
as a kind of “vaccine” (Ademowo et al., 2019). As a result, the response can perform functions of repair and 
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protection against possible subsequent and more intense exposures. But if a later exposure does not happen, the 
high production of resources for repair is applied in other useful body functions (Cedergreen et al., 2009).  

It was also noticed that the increase that resulted from the application of sub-doses between 0.92 and 1.90 g ae 
ha-1 of 2,4-D choline salt at stage B4 of cotton ranged from 1.71 to 19.21 % compared to the control. Duke et al. 
(2006) described that in more than thirty cases of plants treated with sublethal rates of herbicide, the maximum 
rate for hormesis response can be of up to 20% recommended concentration on label, with responses that can 
reach about 50% of increase of the analyzed variable, and the stimuli can be observed in growth characteristics 
such as gains in weight, height, length, and leaf area and/or internal characteristics such as protein content and 
sugar levels.  

Considering the differences between the results of years 2018 and 2019, Velini et al. (2010) state that, despite the 
benefit that can be observed, low herbicide rates are not recommended as crop growth stimulant, because the 
rates that cause the hormesis effect may vary considerably, depending on diverse factors such as cultivar, 
phenological stage, formulation and, especially, weather conditions.  

5. Conclusions 
Visual injury symptoms (%) in cotton plants at stage V4 and B4 at 30 DAA had an exponential, upward behavior 
as increasing sub-doses of 2,4-D choline salt herbicide were applied in both years of study of this experiment.  

The maximum hormesis effect for height and number of leaves of cotton plants at stage V4 was estimated, in due 
order, for 3.02 and 5.54 g ae ha-1 sub-doses of 2,4-D choline, for the experiment conducted in 2018. It could be 
seen that sub-doses of 1.14 and 1.37 g ae ha-1 provided higher increases for variables height and number of 
leaves. However, it can be seen that, irrespective of the year, the hormesis effect was not significant for the 
production of total dry matter.  

For 2018, it can be seen that the greatest stimuli for the variables height, number of leaves, shoots dry matter and 
total dry matter of cotton plants applied with sub-doses of 2,4-D choline at stage B4 were estimated for the 
respective rates of 1.35; 1.90; 0.93 and 0.92 g ae ha-1 of this herbicide. In 2019, it could be seen that the 
sub-doses corresponding to 1.20; 1.39 and 1.38 g ae ha-1 provided more increases compared to the control, for 
height, shoots dry matter and total dry matter.  
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